Acinetobacter calcoaceticus grown on ethanol contains an NAD(P)+-independent alcohol dehydrogenase which resembles methanol dehydrogenase from methylotrophic bacteria in many respects. Likewise, the prosthetic group of this enzyme appears to be identical to that of methanol dehydrogenase, namely, pyrrolo quinoline quinone. The organism is unable to grow on methanol, which means that quinoprotein alcohol dehydrogenases are not restricted to methylotrophs. Arguments are presented for the idea that quinoprotein alcohol dehydrogenases exist in other alkane-or alcohol-grown bacteria. Although the enzyme from A . calcoaceticus can be best compared with that from Rhodopseudomonas acidophila in that both have very low affinities for methanol and are activated by aliphatic amines, the two enzymes are immunologically and electrophoretically unrelated. Furthermore, the A . calcoaceticus enzyme shows the broadest substrate specificity hitherto known for this type of enzyme in that it also oxidizes higher aldehydes. The extent of hydration of aldehydes cannot account for the aldehyde substrate specificity of these enzymes but the concept of a dual substrate specificity for alcohols and aldehydes can explain this very well. The different properties of the two enzymes compared with those of methanol dehydrogenases cannot be ascribed to the presence of iron as both enzymes contained a negligible amount of this metal.
I N T R O D U C T I O N
Methylotrophic bacteria grown on methanol or methane contain an NAD(P)+-independent alcohol dehydrogenase which is usually called methanol dehydrogenase [alcohol : (acceptor) oxidoreductase; EC 1.1.99.81 (Colby et al., 1979) . This enzyme has been designated a quinoprotein dehydrogenase and its prosthetic group as pyrrolo quinoline quinone (Duine et al., 1979b (Duine et al., , 1980 , derived from the structural name 2,7,9-tricarboxy-lH-pyrrolo[2,3-f]-quinoline-4,5-dione ('methoxatin') (Salisbury et al., 1979; Duine et al., 1980) .
The presence of such an enzyme in the methylotrophs is not unexpected as the value of the standard redox potential for the methanol/formaldehyde half-reaction at pH 7 makes it difficult to visualize a NAD(P)+-linked dehydrogenase (Ribbons et al., 1970) . However, because methanol dehydrogenase is able to oxidize other alcohols as well, the question may be raised whether the presence of this enzyme could also permit growth on alcohols other than methanol.
The facultative methylotroph Pseudomonas AM 1 grows on ethanol, albeit poorly, and degrades this substrate via methanol dehydrogenase (Taylor & Anthony, 1976) . Other facultative methylotrophs, however, replace methanol dehydrogenase by a NAD+-linked alcohol dehydrogenase when they are grown on ethanol instead of methanol, e.g. the unidentified organism PAR (Bellion & Wu, 1978) and Hyphomicrobium X (Attwood & Harder, 1974) . Therefore, it might be concluded that quinoprotein alcohol dehydrogenase is a methanol dehydrogenase by design and an alcohol dehydrogenase by accident. On the other hand, as already proposed by Bamforth & Quayle (1978) , the properties of the recently
Step 1. Preparation of crude extract. Frozen bacteria ( I00 g) were mixed with 100 ml 20 mM-sodium acetate pH 4.5. The bacteria were disrupted in a French pressure cell at 110 MPa and the pH was readjusted to 4.5 with I M-acetic acid. The suspension 'was centrifuged (20 min. 48000 g) and the supernatant was decanted. The pellet was resuspended in 100 ml 20 mM-sodium acetate pH 4-5 and once more passed through the French pressure cell and centrifuged. The supernatants were combined.
Step 2. CM-Sepharose chromatography. The supernatants from step 1 were applied to a column (15 cm x 2.2 cm diam.) of CM-Sepharose CL-6B (Pharmacia) equilibrated with 20 mM-sodium acetate pH 4.5 and washed with similar buffer. The enzyme was eluted with 36 m~-T r i s / 2 1 mM-H,PO, buffer pH 6.5.
Step 3. Removal of cytochrome c with silica gel (Duine et af., 1978) . The combined active fractions from step 2 were adjusted to pH 8-0 with 1 M-Tris. applied to a column (1.5 cm x 2-2 cm diam.) of silica gel in 36 m~-T r i s / 3 9 mwglycine pH 9.0 and eluted with similar buffer.
Step 4. Hydroxyapatite chromatography. The combined active fractions from step 3 were applied to a column (15 cm x 2.6 cm diam.) of hydroxyapatite (Bio-Rad BioGel HTP) equilibrated with 10 mM-potassium phosphate pH 7.0 and washed with similar buffer. The enzyme was eluted with 0.15 M-potassium phosphate pH 7.0. Active fractions were dialysed for 24 h against 20 mM-potassium phosphate pH 7.0 and the enzyme was stored at Purification of alcohol deh.vdrogerzase from Acirietobacter calcoaceticus. Centrifugation was routinely performed at 48 000 g for 30 min at 4 "C.
Step 1. Preparation of crude cell-free extract. Frozen cell paste (10 g) was suspended in 15 ml 36 mMTris/39 mM-glycine pH 9.0 containing 6 mg lysozyme. After incubating for 15 min at room temperature. the suspension was centrifuged. The supernatant was discarded and the pellet was extracted with 15 ml 36 m~-T r i s / 3 9 mM-glycine pH 9.0 containing 1% (v/v) Triton X-100 and centrifuged. The extraction was repeated once more and the supernatants were combined. In some experiments the extract was very viscous and it was necessary to add DNAase (grade 11, Boehringer).
Step 2. DEAE-Sephacel Chromatography. The supernatants from step 1 were applied to a DEAE-Sephacel column (15 cm x 1.2 cm diam.) equilibrated with 36 mM-Tris/39 mM-glycine pH 9.0. After washing with similar buffer. the activity was eluted with 36 m~-T r i s / 2 1 mM-H,PO, buffer pH 6.5.
Step 3. Removal of cytochrome c. Active fractions from step 2 were passed through a silica gel column (6-0 cm x 0.6 cm diam.) in 36 mM-Tris/39 mM-glycine pH 9-0. The column was washed with similar buffer and the active fractions were pooled.
Step 4. Hydroxyapatite chromatography. Fractions from step 3 were applied to a column of hydroxyapatite (10cm x I cm diam.) equilibrated with 0.01 M-potassium phosphate pH 7.0. The enzyme was eluted with 0.20 M-potassium phosphate pH 7.0.
Enzpze assays. Alcohol and methanol dehydrogenase activities were measured in a 1 ml assay mixture essentially as described by Duine & Frank (1980a) except that K C N was omitted. Unless indicated otherwise, the enzyme concentration was 0.1 p~, Wurster's blue 100 p~, ethanol 20 ~U M and ethylamine 10 mM. In the case of the pH optimum determination, 40 pM-propan-1-01, 1 mM-methylamine, 10 pM-phenazine ethosulphate as primary electron acceptor and 55 ,u~-2,6-dichlor0phen0lindophenol as secondary electron acceptor were used.
Kinetic studies. Kinetic studies were done in the assay system described above. Apparent kinetic parameters were determined from double reciprocal plots by the method of Lineweaver & Burk (1934) .
Polyacrylamide gel electrophoresis. Gel slabs of 5 % (w/v) polyacrylamide, cross-linked with 0.17 % (w/v) bisacrylamide, were electrophoresed in 36 m~-T r i s / 3 9 mM-glycine pH 9.0. Polyacrylamide gradient gels PAA 4/30 were from Pharmacia. These gels were electrophoresed for 48 h at 125 V in 39 mM-glycine, adjusted to pH 9.5 with conc. Tris solution, using a Pharmacia GE-4 I1 electrophoresis apparatus. Dehydrogenase activity was detected as described by Duine et al. (1978) , with an extra addition of ethylamine (10 mM) and ethanol ( I mM).
Molecular weighf determination. Molecular weights were determined by gel filtration (Andrews, 1965) using Sephadex G -150. Methanol dehydrogenase from Hyphornicrobium X was prepared as described by Duine et al. (1978) .
Analytical methods. Gas chromatography and metal analysis were performed as described by Duine el al. ( 1978) . Cytochrome c (horse heart, Merck) and EDTA. Na. Fe. 3H,O complex (Merck) were used as standards in the quantitative estimation of iron by atomic absorption spectrophotometry. Enzymes and cytochrome c were brought into 0.05 M-NH,CI (Suprapur Merck). which had been titrated with conc. ammonia (Suprapur Merck) to pH 8.0, via a BioGel P2 column. Extraction and characterization of the prosthetic group by high-performance liquid chromatography was done as described by Duine & Frank (1980b) . Protein was determined by the Lowry procedure with bovine serum albumin as a standard.
Immunodiffusion. Antiserum raised against R hodopseudomonas acidophila alcohol dehydrogenase and serum from untreated rabbits were provided by Professor J. R. Quayle and they were prepared as described by Bamforth & Quayle ( 1979) . Immunodiffusion was performed according to Steensma et al. (1978) .
R E S U L T S
Properties of ethanol-grown A . calcoaceticus Ethanol-grown bacteria were able to oxidize a wide range of alcohols and aldehydes (Table  1) . No oxidation of methanol or formate was detected. It was verified that the organism was unable to grow on methanol.
Purijication of alcohol dehydrogenases
After the last purification step alcohol dehydrogenase from R. acidophila showed an absorbance ratio A,,,/A,,, of 7. The same value can be deduced from the absorption spectrum reported by Bamforth & Quayle (1979) . A typical isolation (50 g wet cells) yielded 20 ml enzyme solution with an A345 of 0.06, a yield some 20% lower than that obtained by Bamforth & Quayle (1979) .
The absorption spectrum of purified enzyme from A . calcoaceticus ( Fig. 1 ) had an A,,,/A345 ratio of 10, a value comparable to that of methanol dehydrogenase from Hyphomicrobium X (Duine et al., 1978) . The isolation procedure yielded 50 ml enzyme solution with an A345 of 0.3 1 from 50 g wet cells.
The R . acidophila, Hyphomicrobium and A . calcoaceticus enzymes showed R, values of 0.03, 0.33 and 0.20, respectively, on polyacrylamide gel electrophoresis at pH 9-0, determined with dehydrogenase-activity staining. Protein staining revealed bands at the same R , values but in the case of the R. acidophilu enzyme, two additional very faint bands were detected. Properties of purijied A . calcoaceticus alcohol dehydrogenase p H optimum. The enzyme had a pH optimum of approximately 9.5 with methylamine as activator.
Substrate specijicity. The enzyme oxidized primary alcohols, secondary alcohols and aldehydes ( Table 2 ). The oxidation of octanal was activator-dependent and was negligible at pH 7.0, just like that of ethanol. The oxidation of propan-2-01 and octanal was verified by gas chromatography. The purity of the methanol used in the experiment was checked by gas chromatography: ethanol could not be detected (<O.Ol%). As the progress curves of the enzyme reaction in the assay showed a continuous decline and the amounts of dye reduced by methanol were too high to be accounted for by ethanol impurities, it seems that methanol is a substrate. Table 3 . Activation of A. calcoaceticus alcohol dehydrogenase by ammonia and amines
The pH of the NH,Cl and amine solutions was adjusted to 9.0 before they were added to the assay mixture. Activator specz3city. Higher aliphatic amines were excellent activators (Table 3 ). The affinity of the enzyme for amine activators increased with amine carbon chain length, as has been observed for the R. acidophila enzyme (Bamforth & Quayle, 1978) . The kinetic parameters for octylamine are only rough estimates as inhibition occurred at very low octylamine concentrations, a phenomenon which was also observed with the R. acidophila enzyme. Concentrations of ethylamine higher than 5 mM also appeared to be inhibitory.
Nature of the prosthetic group. As suggested by the absorption spectrum of the enzyme (Fig. l) , the prosthetic group appeared to be pyrrolo quinoline quinone. High-performance liquid chromatography of the enzyme extract (Fig. 2) showed a peak with the same retention time as pyrrolo quinoline quinone purified from methanol dehydrogenase (Duine & Frank, 1980 b) .
Molecular weight. Gel filtration of a mixture of Hyphomicrobium methanol dehydrogenase and A . calcoaceticus alcohol dehydrogenase revealed that the first enzyme had a slightly smaller elution volume than the second (Fig. 3) . Based on the value of 120000 for the molecular weight of the Hyphomicrobium enzyme (Duine et al., 1978) , it was estimated that the A . calcoaceticus enzyme has a molecular weight of about 110000. Figure 3 shows, in addition, that the ethanol-and octanal-oxidizing activity have the same elution profile. The enzymes could be detected separately because ethylamine is not an activator for the Hyphomicrobium enzyme and the assay containing 50 mM-NH,Cl and 20 pi-methanol is suitable to detect the presence of the Hyphomicrobium enzyme but not the A . calcoaceticus enzyme.
Polyacrylamide gradient gel electrophoresis of the Hyphomicrobium, R. acidophila and A. calcoaceticus enzymes followed by dehydrogenase-activity staining demonstrated that the first two enzymes had identical R, values (5.6) while the A . calcoaceticus enzyme showed a main band (5.7) and a minor band ( 5 . 5 ) . The molecular weights were estimated to be about 115 000 for the main band and 125 000 for the minor band. The minor band may be due to a complex of enzyme and cytochrome c (the preparation used for this experiment showed some spectral indication of cytochrome), a contamination which is sometimes difficult to remove.
Iron content. Bamforth & Quayle (1979) reported that the R. acidophila enzyme contains 0-7 to 1 -0 atom Fe per enzyme molecule, and so we investigated whether the A . calcoaceticus enzyme also contained iron. Several preparations were examined but in no case were amounts larger than 0.05 atom Fe per enzyme molecule found. We therefore examined our R. acidophila enzyme preparations and found that they contained no more than 0.05 atom Fe per enzyme molecule. Our analytical procedure was checked with cytochrome c and the expected amount of iron was found.
Inmunological studies. The antiserum raised against the R. acidophila enzyme gave a clearly visible precipitin band with the corresponding enzyme, even after a 20-fold dilution of the enzyme. On the other hand, the Hq'phomicrobium and A . calcoaceticus enzymes at the same concentration gave no visible band, the latter enzyme not even at a fivefold higher concentration than the R . acidophila enzyme. Serum from untreated rabbits showed no pr eci pit in bands.
D I S C U S S I O N
A cinetobacter calcoaceticus alcohol dehydrogenase resembles the well-known methanol dehydrogenases: it has a pH optimum of 9.5, has an activator requirement, oxidizes primary alcohols, shows the characteristic absorption spectrum (Fig. l) , contains pyrrolo quinoline quinone as prosthetic group (Fig. 2) and has a molecular weight of about 120000. The activator and, to some extent, the substrate specificity (Table 2) can be best compared with those of the R. acidophila enzyme (Bamforth & Quayle, 1978) , but the physicochemical properties of the enzymes, such as isoelectric point (electrophoretic properties), and the immunological behaviour are quite different. Both purified enzymes have a very low affinity for methanol. However, the R. acidophila enzyme in vivo or purified under anaerobic conditions (Bamforth & Quayle, 1978) has a much higher affinity for methanol, whereas no methanol oxidation was detected for the A . calcoaceticus enzyme in vivo (Table 1) . (The absence of methanol oxidation in whole cells of A . calcoaceticus may also reflect the lack of a transport mechanism for this substrate.) For the moment, it seems justified, however, to regard this enzyme as an alcohol dehydrogenase and to reserve the name methanol dehydrogenase for those enzymes which function as such in the cell and have a high affinity for methanol in vitro.
Neither the R. acidophila nor the A . calcoaceticus enzyme appeared to contain a significant amount of iron. Bamforth & Quayle (1979) reported that the former enzyme contains about 1 atom Fe per enzyme molecule. The discrepancy may be due to the different isolation procedures and methods of preparing the samples, because both enzyme preparations had the same A,,,/A 345 absorbance ratio and were electrophoretically pure. However, as both preparations showed the same enzymological characteristics it is concluded that the distinct properties of these two enzymes, compared with those of methanol dehydrogenases, cannot be ascribed to the presence of iron.
The ability of the A . calcoaceticus enzyme preparation to oxidize aldehydes must be related to the alcohol dehydrogenase as the two activities did not separate on chromatography and the preparation was electrophoretically pure. In addition, the requirements for activity with ethanol and octanal were identical. Methanol dehydrogenases oxidize formaldehyde and acetaldehyde but not propionaldehyde (Sperl et al., 1974) . However, Sahm et al. (1976) reported oxidation of propionaldehyde with the R . acidophila enzyme and, moreover, we have found that the Hjphomicrobium enzyme also oxidizes propionaldehyde but not butyraldehyde and the R. acidophila enzyme oxidizes neither butyraldehyde nor octanal (J. A. Duine & J. Frank, Jzn, unpublished results) . The A . calcoaceticus enzyme oxidizes propionaldehyde and octanal (Table 2) . Sperl et al. (1974) suggested that methanol dehydrogenases are able to oxidize the lower aldehydes formaldehyde and acetaldehyde because these substrates have alcohol-like properties by virtue of their ability to hydrate under the test conditions. However, this hypothesis does not explain the abrupt break in aldehyde substrate specificity [a phenomenon which is not in accordance with the fact that formaldehyde, acetaldehyde, propionaldehyde and butyraldehyde are, respectively, about 100, 5 5 , 42 and 32% hydrated (Bell, 1966) l and the substrate specificity of the A . calcoaceticus enzyme ( Table 2) . The results presented here may be explained by assuming that quinoprotein alcohol and methanol dehydrogenases are essentially capable of aldehyde oxidation and that alcohol and aldehyde oxidation take piace at different catalytic sites of the enzyme. so that different restrictions are imposed on the molecular dimensions of these two groups of substrates. Whether the free carbonyl or the
hydrated form of the aldehyde is the operative substrate remains to be elucidated. With this hypothesis of dual substrate specificity it is possible to explain the somewhat different aldehyde substrate specificities of the methanol dehydrogenases, the abrupt break in the series of aliphatic aldehydes and the fact that methanol is a very poor, formaldehyde a relatively good, and octanal a good substrate for the A . calcoaceticus enzyme ( Table 2) . Finally, it is noteworthy that the aldehyde substrate specificity, in contrast to the alcohol substrate specificity, of these enzymes runs roughly parallel with the growth-substrate specificity of the corresponding organism, suggesting that the aldehyde-oxidizing capability is functional in the cell. For example, A . calcoaceticus is able to grow on higher alkanes, alcohols and amines (Baumann et al., 1968) , all of which may produce the corresponding aldehyde during their degradation.
The question whether other alcohol-or alkane-degrading organisms contain quinoprotein alcohol dehydrogenases cannot be definitely answered at present. Although some authors (Adachi et al., 1978a, b) regard the alcohol dehydrogenases from acetic acid bacteria as flavoproteins, Kersters & De Ley (1966) did not detect flavins in their preparations. Moreover, the absorption spectrum reported for an alcohol dehydrogenase-cytochrome c complex from Acetobacter aceti (rancens) by Nakayama (1961) shows a striking resemblance to that of a methanol dehydrogenase-cytochrome c complex from Hyphomicrobium X (Duine et al., 1979 a) . As Acetobacter pasteurianus subsp. lovaniensis (Duine et al., 1979b) and other Acetobacter species (J. A. Duine & J. Frank, Jzn, unpublished results) contain pyrrolo quinoline quinone, this strongly suggests that these enzymes are also quinoproteins.
The same view may also be valid for some alcohol dehydrogenases from pseudomonads, as alkane-grown Pseudomonas aeruginosa contains an alcohol dehydrogenase with an electron acceptor specificity and an absorption spectrum which contraindicate the involvement of a flavin as prosthetic group (Tassin et at., 1973) . More information regarding the nature of the prosthetic group of these NAD(P)+-independent alcohol dehydrogenases is, of course, necessary but it may be anticipated that more quinoprotein alcohol dehydrogenases will be detected in the future.
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